Bacillus cereus is an important foodborne pathogen causing diarrhoea, emesis and in, rare cases, lethal poisonings. The emetic syndrome is caused by cereulide, a heat-stable toxin. Originally considered as a rather homogenous group, the emetic strains have since been shown to display some diversity, including the existence of two clusters of mesophilic B. cereus and psychrotolerant B. weihenstephanensis. Using pulsed-field gel electrophoresis (PFGE) analysis, this research aimed to better understand the diversity and spatio-temporal occurrence of emetic strains originating from environmental or food niches vs. those isolated from foodborne cases. The diversity was evaluated using a set of 52 B. cereus and B. weihenstephanensis strains isolated between 2000 and 2011 in ten countries. PFGE analysis could discriminate 17 distinct profiles (pulsotypes). The most striking observations were as follows: (1) more than one emetic pulsotype can be observed in a single outbreak; (2) the number of distinct isolates involved in emetic intoxications is limited, and these potentially clonal strains frequently occurred in successive and independent food poisoning cases; (3) isolates from different countries displayed identical profiles; and (4) the cereulide-producing psychrotolerant B. weihenstephanensis were, so far, only isolated from environmental niches.
Introduction
Bacillus cereus is a Gram-positive, aero-anaerobic, sporeforming micro-organism. It has been recognized as an opportunistic pathogen causing various types of infections. Two distinct gastroenteric diseases have been attributed to food poisoning caused by B. cereus: diarrhoea and emesis (Schoeni & Wong, 2005) . The diarrhoeal syndrome is thought to be due to a combination of chromosomally encoded toxins including the haemolysin BL (Hbl), the nonhaemolytic enterotoxin (Nhe) and/or the cytotoxin K (CytK), all produced in the intestine (Michelet et al., 2006) , whereas emesis is caused by a single heat-stable toxin, the cereulide, produced in the food (Agata et al., 1995; Ehling-Schulz et al., 2004; Rajkovic et al., 2008) . This toxin is enzymatically synthesized by nonribosomal peptide synthesis (NRPS) whose genetic determinants are located on a large plasmid (Hoton et al., 2005) containing a 23-kb gene cluster (ces) involved in the cereulide production (Ehling-Schulz et al., 2005a . Emetic food poisoning is mostly associated with starchy foods (Kramer & Gilbert, 1989) . Cereulide acts as a pore-forming ionophore, provoking the inhibition of hepatic mitochondrial fatty acid oxidation potentially leading to liver failure (Mahler et al., 1997; Mikkola et al., 1999) . Indeed, lethal cases have been reported after the ingestion of food contaminated with high amounts of cereulide, up to 14.8 lg g À1 of food (Mahler et al., 1997; Dierick et al., 2005; Naranjo et al., 2011) . Primary phenotypic and genotypic studies have shown that cereulide-producing strains form a homogenous cluster of mesophilic bacteria, while diarrhoeal bacilli were heterogeneous and consisted of both mesophilic and psychrotolerant isolates (Agata et al., 1996; Ehling-Schulz et al., 2005b; Carlin et al., 2006) . However, differences in ribopatterns, adk gene, tyrosin decomposition activity, haemolysis and lecithin hydrolysis (Apetroaie et al., 2005) and multilocus sequence typing (MLST) (Vassileva et al., 2007) have been noticed among some emetic strains indicating there could be more variability than previously thought (Kim et al., 2011; Chon et al., 2012) . Similarly, psychrotrophic B. cereus (Altayar & Sutherland, 2006) and psychrotolerant Bacillus weihenstephanensis isolates were also shown to be cereulide producers (Thorsen et al., 2006) . Furthermore, the detailed genotypic diversity of cereulide-producing strains was investigated by Hoton et al. (2009) who concluded that these strains belong to two distinct clusters (I and II), with members of Cluster II identified as psychrotolerant B. weihenstephanensis able to grow at low temperature (< 7°C).
In the present study, pulsed-field gel electrophoresis (PFGE) analysis was used to assess the genomic diversity among a collection of 52 foodborne and environmental cereulide-producing strains of B. cereus and B. weihenstephanensis, isolated in different countries and at different times. The comparison of macrorestriction profiles allowed assessing the extent of geographical and temporal diversity of the isolated strains.
Materials and methods

Bacterial strains
A set of 52 cereulide-producing strains was used in this work, from which a subset of 28 strains was previously characterized by MLST (Hoton et al., 2009) . As shown in Table 1 , these emetic bacilli, originating from ten countries (Belgium, China, Denmark, France, Germany, Ivory Coast, Poland, Switzerland, United Kingdom and United States), were isolated from diverse samples: foodstuffs, emetic-type food intoxication cases, soil, insectivores and free-living rodents. They were isolated between 2000 and 2011, with the exception of the reference emetic strain F4810/72 isolated in 1979 (Turnbull et al., 1979) . Three additional, nonemetic strains (NE) were also used: TIAC219 (Van der Auwera et al., 2013) and TIAC142 and AFRH7 (J. Mahillon & K. Dierick, unpublished data).
Macrorestiction profiling by PFGE
Low melting point agarose (Sigma Chemical Co., St. Louis) imbedded DNA was prepared from 6-h cultures according to Gaviria Rivera & Priest (2003) and digested with 30 U of NotI (MBI Fermentas, Vilnius, Lithuania) for 3 h. PFGEs were performed with the CHEF-DR II System (Bio-Rad) as described by Swiecicka & Mahillon (2006) . All PFGE electrophoreses were performed in triplicate. The ethidium bromide-stained gels were photographed under UV light using the GelDoc 2000 System (BioRad) and analysed with the QUANTITY ONE PC version 4.1.1 program (BioRad). Each DNA profile was compared with every other by the Dice similarity coefficient. A similarity dendrogram was generated using the UPGMA algorithm, performed with the NTSYS PC version 2.02 program (Exeter Software Setanket). To avoid misinterpretation, bands lower than 50 kb were omitted during the preparation of the similarity dendrogram. Grouping of the isolates into clusters were preceded by careful visual inspection, and comparison of all the gels obtained in this study.
Results
Broad collection of cereulide-producing B. cereus and B. weihenstephanensis Hoton et al. (2009) described that the cereulide-producing strains of B. cereus could be classified into two distinct clusters, where Cluster II includes the psychrotolerant strains of B. weihenstephanensis (able to growth at temperatures < 7°C). The distinction between these two clusters was performed using, among others, a MLST analysis based on the comparison of sequences from five chromosomic genes (adk, glpF, gmk, ilvD and tpi). However, little discrimination could be obtained within each cluster. As shown in Table 1 , a total of 52 cereulide-producing strains, including 34 food poisoning, 11 environmental and seven food isolates, were characterized for their genomic diversity.
Spatio-temporal distribution of cereulideproducing strains of worldwide origin
To discriminate among these 52 cereulide-producing strains, their genomic DNA was characterized by PFGE using NotI as restriction enzyme and their patterns compared. A total of 17 distinct pulsotypes were obtained by this DNA macrorestriction analysis. As shown in Fig. 1a , each pulsotype contained between six and eleven different high molecular weight DNA fragments.
The similarity dendrogram between the 17 PFGE profiles (Fig. 1b) was calculated using the UPGMA algorithm and Dice coefficient. Three NE (but involved in food poisonings) were also subjected to PFGE analysis and included to the dendrogram. As expected from previous work, comparison of pulsotypes revealed an important dissimilarity of profiles between the strains of Cluster II (pulsotypes XVI and XVII) from those of Cluster I (pulsotypes I to XV). Furthermore, the three NE (TIAC142, TIAC219 and AFRH7) exhibited profiles closer to Cluster I strains than to the Cluster II members. The distribution of the 52 strains based on their geographical and temporal origins and type of original samples is summarized in Table 2 . Four pulsotypes (III, IX, X and XI) frequently occurred in Belgian food intoxications. Indeed, the strains from profile III were involved in Belgian food poisonings in 2005, 2006 and 2007 , but also in a German case in 2006. Strains isolated from the intestinal tract of game animals (but not involved in food intoxication) were apparently classified in this same pulsotype. Other strains involved in German and Belgian emetic food poisonings were gathered in pulsotype IX with strains isolated from ice creams in China.
It is worth noting that strains from profiles X, XI and XIV were involved in several cases of food intoxication in Belgium between 2003 and 2011, including strains isolated from the lethal Kinrooi case that occurred in 2003 (Dierick et al., 2005) . On the contrary, several strains that contaminated the meal in the Kinrooi case pertained to three distinct PFGE profiles (I, X and XI). The strains from pulsotypes V, VII, XIII and XV were isolated from United Kingdom, Denmark, Germany and United States, respectively, and contained only one strain per pulsotype.
Concerning the emetic strains isolated from food products, but not involved in food poisoning, they were classified into four distinct pulsotypes (IV, VI, IX and XVII). Two pulsotypes (IV and VI) were generated by the specific profile of the strains isolated in Ivory Coast. The PFGE profile XVII was displayed by two strains belonging to Cluster IIb. As indicated above, the strains isolated from ice cream in China showed the same profile IX as the Belgian and German emetic strains. For the environmental samples, five different pulsotypes were observed: I, III, VIII, XVI and XVII. Pulsotype I corresponded to a strain isolated from a woman's hand in Paris and shared the profile with a strain involved in food poisoning in Belgium in 2003 (5969c). Interestingly, the two strains originating from the intestine of game animals (pheasant and wild boar) had a profile apparently matching that of other isolates involved in food intoxications. The two strains isolated from Danish soil were associated with profile XVI, corresponding to Cluster IIa. The profile displayed by the psychrotolerant Belgian strains, also isolated from soil, was classified as pulsotype XVII.
Pulsotype VIII contained the five Polish cereulide-producing strains coming from small mammals (IS021, IS053, IS075, IS122 and IS195) isolated in 2000. This result is of interest since these strains were independently isolated from different mammal species (pigmy shrew, common shrew, root vole and bank vole).
Discussion PFGE profile diversity among emetic strains
Comparison of PFGE patterns has been extensively used in food epidemiological studies to confirm or to discriminate the sources of disease, but also to monitor the geographical and temporal changes in foodborne outbreaks caused by bacterial pathogens such as Listeria monocytogenes, Salmonella spp., Vibrio spp. (Goering, 2010; Allerberger, 2012; Okada et al., 2012) or B. cereus sensu lato (Otlewska et al., 2013) . Recently, Kim et al. (2011) showed that it was possible to discriminate several subgroups inside cereulide-producing strains using DNA macrorestriction analysis. Nevertheless, no real epidemiological studies have ever been performed on emetic strains, based on PFGE profiles. As illustrated in the present study, this macrorestriction approach seems to be the most suitable technique to evaluate the genetic diversity among a group of closely related strains from the same species. Indeed, the PFGE analysis allowed discriminating at least 17 different profiles from a total of 52 strains tested. It is worth noting that parallel MLST experiments based on a total of ten housekeeping genes gave less resolution (data not shown).
The PFGE analysis also shed light on two important epidemiological and ecological observations: first, distinct emetic strains were isolated from independent cases of food intoxication. Indeed, in the Belgian outbreaks of 2003 (Kinrooi) and 2011 ('pastry intoxication'), at least two different emetic strains were isolated in each intoxication. Second, the same (or extremely similar) strains could be encountered in geographically distant places. This observation can be particularly well illustrated by the strains belonging to the pulsotypes III and IX (Table 2) . Pulsotype III indeed contains strains coming from different regions in Belgium and in Germany, while pulsotype IX includes strains isolated from Belgium, Germany and China.
This analysis also showed that the most 'abundant', and geographically and temporally dispersed pulsotypes are III, IX, X and XI. These four pulsotypes account for more than 50% of all the collected strains. On the contrary, several pulsotypes (II, IV, V, VII XII, XIII and XIV) contained, so far, only one isolate. In terms of ecological diversity, this study also confirmed that cereulide-producing strains could be retrieved from various settings (Table 1) , from both animal and soil niches. It is noteworthy that all the 'environmental' isolates originated and/or were associated with mammals or human, while the psychrotolerant strains were recovered from soil, vegetable or contaminated milk. This corroborates the strong relationship observed between the B. cereus s.l. strain clustering and their thermal tolerance, as previously reported (Guinebreti ere et al., 2008) .
Concerning the psychrotolerant members of Cluster II (B. weihenstephanensis), no foodborne intoxications have been reported so far. The PFGE analysis could discriminate two distinct pulsotypes (XVI and XVII) associated with Cluster II. Interestingly, this subtyping was also associated with a phenotypic activity: while all the psychrotolerant isolates were able to degrade salicin and arbutin, only MC67 and MC118 were positive for amygdalin degradation, another glucosidase-associated substrate (data not shown).
All these observations emphasize the importance of methodical PFGE characterization of all the emetic strains as an appropriate tool for epidemiological studies of emetic isolates. However, with the rapid advance of whole-genome sequencing (WGS), and the plethora of genomic databases, including those related to the B. cereus group (Van der Auwera et al., 2013), genomic MLST (e.g. Larsen et al., 2012) will be soon at reach and should give us the genetic tools for rapid and reliable discrimination of the cereulide-producing strains from B. cereus s.l. A better knowledge of cereulide-producing strains diversity should also be a key asset for the development of detection methods designed to reduce the number of emetic intoxication cases. In the same vein, game animals should be a focus of attention in the process of identifying a potential common origin of food contamination by emetic strains.
